Medulloblastoma is a heterogeneous disease comprising four molecular subgroups -wingless (WNT), sonic hedge hog (SHH), group 3, and group 4, with distinct developmental origins, unique transcriptional profiles, diverse phenotypes, and varying clinical outcomes. Magnetic resonance imaging (MRI) is the preferred first-line imaging modality in the diagnosis and staging of suspected brain tumors including medulloblastoma. It is being increasingly recognized that imaging features reflect underlying disease biology that can serve as independent predictive and prognostic biomarkers. Radiogenomics is an emerging field of research that aims to define relationships between non-invasive imaging features (radio-phenotypes) and genomic data/molecular markers (molecular phenotypes). Recent studies have reported encouraging data regarding imaging genomics of medulloblastoma with certain MRI features correlating with specific molecular subgroups. These include lateralized cerebellar location for SHH-subgroup; cerebellopontine angle location for WNT-subgroup; and inferior location with dilation of superior recess of the IVth ventricle for group 4 tumors. Minimal enhancement of primary tumor and ependymal metastases (infundibular/suprasellar) with mismatching pattern is a specific feature of group 4 medulloblastoma. A 5-metabolite signature profile on magnetic resonance spectroscopy reliably differentiates SHH-subgroup from non-WNT/non-SHH medulloblastoma. SHH-specific binary nomogram (location on horizontal and vertical axis, relationship with dorsal brainstem, pattern of contrast-enhancement, and peri-tumoral edema as discriminating imaging features) is associated with excellent predictive accuracy, followed by group 4-specific nomogram, with suboptimal accuracy of WNT and group 3-specific nomograms. The advent of deep machine-learning techniques and convoluted artificial neural networks should provide unique opportunities to further improve the accuracy of such radiogenomic correlation and prediction.
INTRODUCTION
Medulloblastoma, the most common pediatric malignant neoplasm of the central nervous system (CNS) comprising 20%-25% of all childhood brain tumors [1, 2] belongs to the primitive embryonal group of tumors that arises in the posterior fossa and is classified histologically as World Health Organization (WHO) grade IV tumor. Over the last decade or so, novel biological insights into its heterogeneity have led to the identification of various molecular subgroups with distinct developmental origins, unique transcriptional profiles, diverse phenotypes, and variable clinical outcomes [3] [4] [5] [6] . The consensus classification [6] comprising four distinct molecular subgroups -wingless (WNT), sonic hedge hog (SHH), Group 3, and Group 4 medulloblastoma has now been incorporated in the 2016 update of the WHO classification of CNS tumors [7] . With rapid evolution of genomic technology, several platforms/methodologies are now available for molecular subgrouping of medulloblastoma. These include expression profiling of a select set of marker genes at RNA level using nanoString [8] or real time reverse transcriptase polymerase chain reaction [9, 10] ; differential expression of select set of protein-coding genes and microRNAs [11] ; expression of selected marker proteins [12, 13] on immunohistochemistry (IHC); and DNA methylation array [14, 15] . Each of the methodologies have their unique advantages and disadvantages with its selection left to the judgement and discretion of the treating physician based on available resources (infrastructure and expertise), cost, and turn-around time.
Conventional imaging features of medulloblastoma
In patients with suspected brain tumors, a computed tomography (CT) scan and/or magnetic resonance imaging (MRI) of the brain is required to arrive at a presumptive diagnosis and guide further decisionmaking. Given the high propensity of neuraxial spread in medulloblastoma via cerebrospinal fluid pathways, pre-operative imaging of the spine is also recommended in the initial diagnostic work-up of children with posterior fossa tumors [16, 17] . The features of medulloblastoma on conventional neuro-imaging have been very well characterized and described in the indexed medical literature [16, 17] . Medulloblastoma is generally seen as a well-defined, solid, hyper-dense lesion on plain CT that shows variable enhancement post-contrast, it arises typically from the vermis in the midline posterior fossa and fills the fourth ventricle causing obstructive hydrocephalus; less commonly it is located laterally in the cerebellar hemisphere with or without extension to the foramen. MRI with its exquisite anatomic resolution, multi-parametric nature, and ability to image the entire neuraxis in one session is the preferred imaging modality for suspected medulloblastoma. On T1-weighted images, medulloblastoma generally appears iso-to hypo-intense compared to surrounding white matter. It exhibits variable signal intensity on T2-weighted images with densely cellular component of the tumor being hypo-intense and lesser cellular areas being iso-intense compared to surrounding white matter. Intra-tumoral or peri-tumoral cysts, if any, appear hyper-intense while calcification generally exhibits low signal on T2-weighted sequences. Following intravenous gadolinium, medulloblastoma shows significant but variable and heterogeneous contrast enhancement. Due to densely packed cells, medulloblastoma causes restriction of diffusion with correspondingly low apparent diffusion co-efficient values.
Radiogenomics or imaging genomics
Traditionally, imaging has been used for diagnosis (characterization of lesion) and staging (assessment of disease extent) in oncology. With regards to brain tumors, the neuro-radiology community has predominantly focussed on correlating imaging features with histomorphology and grading. However, as is now widely believed, images are more than just pictures [18, 19] that reflect underlying disease biology including the dynamics of complex biological processes such as gene expression, proliferation, metabolism, and angiogenesis. Radiogenomics or imaging genomics [20] is an exciting and emerging field of research that aims to define relationships between non-invasive imaging features (radio-phenotypes) and genomic data/ molecular markers (molecular phenotypes). In the past few years, it has become increasingly possible to extract meaningful information from routine images that can be utilized beyond the diagnostic and staging roles of radiology. Radiogenomics is a multi-step process comprising sequential stages of image acquisition, image segmentation, feature selection, feature extraction, qualification and final correlation with molecular markers [18] [19] [20] . In its simplest form, semantic imaging features like size/volume, margins/borders, density or intensity characteristics, contrast enhancement, edema, necrosis, hemorrhage, calcification, can be assessed and quantified visually for correlation with molecular markers either singly or in combination. Introduction of computer-based algorithms has not only refined the assessment of semantic features, but also allows extraction of agnostic features (histograms, textures, wavelets, and fractal dimensions), which generally go beyond human capability. Such automated high-throughput processing significantly reduces time and virtually eliminates inter-observer variability often associated with human interpretation. This review dissects and discusses the current state of knowledge regarding the radiogenomics of medulloblastoma.
Specific imaging features in medulloblastoma subgroups
In the last decade or so, several investigators from across the world have tried to correlate semantic imaging features with molecular subgrouping in medulloblastoma. All such studies [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] reporting on the imaging genomics of medulloblastoma are briefly summarized in Table 1 . While it is quite clear that no single imaging feature is pathognomonic of any particular subgroup, certain imaging characteristics are much more prevalent in one subgroup compared to others and may even be highly specific for an individual molecular subgroup. Characteristic imaging features typically seen in each of the four individual molecular subgroups are summarized in Table 2 and illustrated in Figures 1-4 .
WNT SUBGROUP MEDULLOBLASTOMA
Reportedly the rarest subgroup (comprising approximately 10% of all medulloblastoma), the WNTpathway medulloblastomas have the best prognosis amongst all four subgroups with 5-year overall survival exceeding 90% in almost all studies [3] [4] [5] [6] . They are mostly uniform in their genetic aberrations, histological pattern, and clinical presentation. Classic histology is seen in the vast majority of WNTpathway medulloblastoma (> 95%), although occasional large-cell/anaplastic (LCA) variants have also been reported [5, 6] . They are equally distributed amongst boys and girls and commonly seen in older children and teenagers, but rarely ever in infants [3, 6] .
Anatomic location
It is hypothesized that the WNT-pathway medulloblastomas arise from neural progenitors in the dorsal brainstem nuclei [32, 33] which explains its midline location and close proximity to the dorsal brainstem. In one of the first clinical observations of an association between molecular subgrouping and tumor location, Teo et al. [21] , reported 100% of WNT-subgroup medulloblastomas (n = 5) as having a midline vermian location. Subsequently, Perreault and colleagues [22] reported 75% of WNT-subgroup tumors (n = 14) as being situated along the cerebellar peduncle and even extending up to the cerebellopontine angle (CPA) cistern in accordance with their origin from brainstem nucleus. In another study, Wefers et al. [23] reported 75% of WNT-subgroup medulloblastomas (n = 8) touching the cuneate nucleus located in the medulla. Interestingly, they also found these tumors to be more frequently caudal as opposed to rostral, concordant with the mouse model study [32] , wherein the genes associated with WNT-pathway are more expressed in the lower rhombic lip as compared to the upper rhombic lip. The midline location (83%) with extension into CPA (17%) was also reported by Lastowska and colleagues [24] in WNT-pathway medulloblastoma. In an imaging study exclusively involving children with WNT-subgroup medulloblastoma (n = 16), Patay et al. [26] reported the involvement of specific sites such as foramen of Luschka (75%), IVth ventricle (69%), cisterna magna (31%) and CPA cistern (19%). The anatomic location of WNT-subgroup tumors was found to be similar even in adult WNT-subgroup tumors (n = 4), with 75% being or reaching the midline in the IVth ventricle [27] . In an exclusive cohort of adult medulloblastomas, Zhao et al. [28] reported midline vermian location in 5 of 17 (29%) WNT-pathway tumors and lateral extension into cerebellar hemisphere or peduncle in the remaining 12 (71%) patients. All 17 adults WNT-pathway medulloblastomas had brainstem contact with cochlear or cuneate nucleus or both. In a cohort of 15 WNT-subgroup medulloblastoma, Mata-Mbemba et al. [29] , reported the tumor to be confined in midline vermian location in 33% of children, with the remaining 67% showing extension either unilaterally or bilaterally along the lateral recess of the IVth ventricle and beyond reaching MRI: magnetic resonance imaging; MRS: magnetic resonance spectroscopy; MB: medulloblastoma; WNT: wingless; SHH: sonic hedge hog; ADC: apparent diffusion co-efficient; CP: cerebellar peduncle; CPA:cerebellopontine angle [21] , 2013 Pediatric MB 60 Conventional MRI (location)
Hemispheric location was associated with SHH-MB (> 50%) Non-WNT/non-SHH tumors were lateralised in only 5%
Perreault et al . [22] , 2014 Bluml et al . [25] , 2016
Pediatric MB 30 MRS SHH-MB was associated with prominent choline/lipid peaks, low creatinine, and little or no taurine levels. Group 3 & 4 tumors were characterized by low lipd levels, high creatinine, and readily detected taurine The 5-metabolite MRS signature reliably differentiated SHH-MB from group 3/group 4 tumors Patay et al . [26] , 2015
WNT MB 16 Conventional MRI features (also assessed post-surgery imaging for location)
Involvement of foramen of Luschka, IVth ventricle, cisterna magna, and CPA was seen in WNT-MB In 87% of patients, contrast enhancement involved entire tumor Intra-tumoral hemorrhage was seen in 31% of patients Keil et al . [27] , 2017 Adult MB 28
Conventional MRI features
Absence of hydrocephalus, macrometastases, and hemorrohage was suggestive of WNT-MB SHH-MB was associated with larger tumor volume and edema Contact with lower rhombic lip and hemorrhage were relatively common in group 4 tumors Zhao et al . [28] , 2017 Adult MB 125
Large majority of SHH-MB were hemispheric in location 48% of SHH-MB had burden exclusively in rostral cerebellum Peri-tumoral edema was seen commonly in SHH and WNT-MB Group 4 tumors were predominant midline vermian in location Minimal or no enhancement was seen in 50% of group 4 tumors Mata-Mbemba et al . [29] , 2018
Pediaric MB 119 Conventional MRI features and diffusion imaging Primary tumors in SHH-MB were hemispheric in location Primary tumors were smaller (< 3.5 cm) in group 3 MB compared to group 4 and SHH-MB Laminar metastates were commonly seen in group 3 tumors Nodular metastases were commonly seen in group 4 tumors Suprasellar/infundibular metastases were specific for group 4 MB Zapotocky et al . [30] , 2018
Metastatic MB
40
Conventional MRI features and diffusion imaging Cerebellar peripheral location was very common in SHH-MB Minimal enhancement was seen in primary group 4 tumor CPA location was seen more commonly in WNT-MB Spinal metastases were more commonly seen in group 3 tumors Ependymal metastasis with restricted diffusion but no enhancement ("mismatch pattern") was seen in group 4 tumors (particualrly if located in the infundibular recess)
Dasgupta et al . [31] , 2018
Pediatric and adult MB
111
Conventional MRI features and developed MRIbased nomograms for prediction of subgroups WNT-MB was asoociated with smaller tumor size, homogeneous contrast uptake, and intratumoral hemorrhage SHH-MB was more likely to have lateralised and superior location, away from brainstem and presence of peri-tumoral edema Group 3 tumors were in midline location, with "fluffy" enhancement and higher incidence of metatstatic diasease Group 4 tumors were in midline and inferior in location with dilatation of superior recess of IVth ventricle; showed minimal or "patchy" contrast enhancement the CPA in 20% of patients. A study involving 17 patients with WNT-pathway medulloblastoma, Dasgupta and colleagues [31] reported the epicentre to be in the midline in the horizontal axis in 77% of patients; the remaining 23% showed extension along the cerebellar peduncle towards the foramen of Luschka and/or CPA. They also reported central (71%) or inferior (23%) location of these tumors on the vertical axis in the vast majority, with only 6% of patients having a rostral location. 
Contrast-enhancement pattern
WNT-subgroup tumors are usually characterized by intense and homogeneous contrast enhancement throughout the tumor suggesting high vascularity. Patay et al. [26] reported 87% of WNT-subgroup tumors to have enhancement involving the entire tumor, with only 13% showing inhomogeneous enhancement. However, Lastowska et al. [24] reported weak or minimal enhancement in 3 of 6 (50%) WNT-subgroup medulloblastoma. In their cohort of adult WNT-pathway medulloblastoma, Zhao et al. [28] found significant contrast enhancement in all 17 patients, which was either heterogeneous (82%) or solid (18%). In their cohort of 17 patients with WNT-pathway medulloblastoma, Dasgupta et al. [31] reported intense contrast enhancement in all patients; 53% showed homogeneous enhancement, while the enhancement pattern was inhomogeneous in the remaining 47% of patients.
Intra-tumoral hemorrhage
It has been shown from animal studies [34] that paracrine signals from the mutant β-catenin result in the aberrant fenestrated vasculature in WNT-driven medulloblastoma. The same authors [34] also reported results from two independent cohorts wherein WNT-subgroup tumors were found to be associated with frank hemorrhage in 90% of patients during surgery as opposed to 12.5% for the other three subgroups. In the series by Patay et al. [26] , hemorrhage was appreciated on pre-operative imaging in 31% of children with WNT-subgroup medulloblastoma (n = 16). On the contrary, Keil et al. [27] , reported absence of hemorrhage on imaging in all 4 cases of adult WNT-pathway medulloblastoma. However, in another study involving adult patients [28] , hemorrhage or mineralization was reported in 11 of 17 (67%) WNT-pathway medulloblastoma. In the series by Dasgupta et al. [31] , hemorrhage was identified on imaging in 18% patients with WNTsubgroup medulloblastoma (n = 17) compared to < 10% for other subgroups, necessitating the routine use of susceptibility-weighted or gradient-echo imaging for reliable identification.
Other imaging features
WNT subgroup tumors are usually smaller in size and volume compared to other subgroups which may be reflective of slow growth kinetics and indolent biology. In their series of adult medulloblastoma, Keil et al. [27] reported the median tumor volume to be 5.6 cm 3 for WNT-subgroup tumors compared to 30.6 cm 3 and 25 cm 3 for SHH and group 4 medulloblastoma respectively. The authors also reported the absence of hydrocephalus, macrometastasis, and hemorrhage as having very high specificity and positive predictive value for WNT-subgroup medulloblastoma. Dasgupta et al. [31] reported the longest tumor dimension to be < 4 cm in > 35% of WNT-subgroup tumors compared to > 4 cm in > 80% of patients of other subgroups. The presence of cyst or cavity (71%) and perilesional edema (53%) can also be encountered frequently in adult WNT-subgroup medulloblastoma [28] .
SHH SUBGROUP MEDULLOBLASTOMA
This subgroup comprising nearly 30% of all medulloblastomas is the most heterogeneous molecular subgroup in terms of genetic aberrations, histologic features, clinical presentation, and outcomes [4] [5] [6] . Normal cerebellar development is highly dependent on SHH signaling; however, unrestricted SHH activity can lead to medulloblastoma tumorigenesis. The 5-year overall survival in patients with SHH-subgroup medulloblastoma ranges from 50%-85% depending upon age at diagnosis, histological subtype, presence of metastases, and underlying molecular genetic abnormalities [3, 6] . A large proportion (> 50%) of SHH-pathway medulloblastomas show desmoplastic histology [5, 6] with extensive nodularity seen almost exclusively in this subgroup; remaining tumors show either classic or LCA histology. They are seen at comparable frequency in males and females, but have a unique bimodal age incidence with most cases involving infants (< 3 years) or adults (> 18 years).
Anatomic location
SHH-pathway medulloblastomas are known to arise from granule neuron precursor cells in the external granular layer of the cerebellum [32, 33] and often associated with a lateralized hemispheric location. In the series by Teo et al. [21] , 9 of 17 (53%) SHH tumors were located laterally in the cerebellar hemispheres. Because of the lateralized location, these tumors are often seen to be away from the brainstem with distinct space appreciated between the tumor margin and the dorsal brainstem. A similar observation was reported by Wefers et al. [23] , with only 10 of 21 (48%) SHH-pathway medulloblastomas having any contact with the brainstem. They further noted that for hemispheric location, SHH-subgroup tumors were relatively more rostral (superior) compared to more caudal (inferior) location for WNT-subgroup tumors, and no specific predilection in non-WNT/non-SHH tumors. In a large cohort of adult medulloblastomas [28] , exclusive cerebellar location was reported in 40 of 64 (63%) SHH-pathway tumors, with only 11 (17%) SHH-tumors being limited to midline vermian location. Zhao et al. [28] also reported that 48% of adult SHH-subgroup medulloblastoma burden exclusively in the rostral cerebellum with only 25% of SHH-subgroup tumors having any brainstem contact, mostly with the cuneate nucleus. On comparing the anatomic location of adult SHH-subgroup tumors with their infantile and childhood counterparts, the proportion of patients with cerebellar hemispheric location increased with age and was seen in 13%, 56%, and 63% of infantile, childhood, and adult SHH-medulloblastoma respectively. Dasgupta and colleagues [31] , also reported lateralized hemispheric location in 29 of 44 (66%) patients with SHH-subgroup medulloblastoma including rising proportion of patients with hemispheric tumors with increasing age at initial diagnosis. Thus, lateralized location was seen in 72% of adults (≥ 18 years) with SHH-pathway medulloblastoma compared to only 27% hemispheric location in the infantile age group (< 3 years), who continue to have predominantly midline SHH-subgroup tumors. Hemispheric location was seen in nearly 60% of childhood SHH-pathway medulloblastoma. The authors also reported superior location abutting and/or reaching the tentorium as a specific imaging feature of SHH-subgroup medulloblastoma seen in 48% of patients, as opposed to only 6% for all other subgroups.
Contrast-enhancement pattern
The degree and pattern of contrast-enhancement have been reportedly variable in SHH-pathway medulloblastoma. Lastowska et al. [24] reported 7 of 8 SHH-subgroup tumors to be associated with contrast uptake, which was more frequent compared to other subgroups. Although most adult patients (91%) with SHH-pathway medulloblastoma do show moderate or intense contrast enhancement, nearly 9% of patients may show minimal or no enhancement at all [28] . Dasgupta et al. [31] reported some contrast-enhancement in 94% of patients with SHH-subgroup medulloblastoma, with approximately half of them showing enhancement involving > 80% of the tumor. Over 50% of SHH-subgroup tumors demonstrated heterogeneous intensity of contrast uptake within the tumor.
Peri-tumoral edema
SHH-pathway tumors are more frequently associated with peri-tumoral edema, appreciated as hyperintensity on T2/FLAIR images beyond the tumor margin, compared to other molecular subgroups. In a study of adult medulloblastoma, Keil et al. [27] reported the median volume of edema for SHH-subgroup tumors as 5.1 cm 3 compared to 1.2 cm 3 for group 4 medulloblastoma. Zhao et al. [28] also reported very frequent presence of peri-tumoral edema in adult SHH-subgroup medulloblastoma, which was seen in 52 of 64 (81%) patients. In another study [31] , 91% of SHH-subgroup medulloblastoma (n = 44) were associated with edema as compared to 26%-41% for the other three subgroups. More importantly, moderate to severe peri-tumoral edema (defined as edema beyond 1.5 cm from the tumor edge) was almost exclusively seen in this subgroup (39% in SHH vs. 6% in WNT-subgroup vs. none in non-WNT/non-SHH tumors).
Other imaging features
SHH-subgroup medulloblastomas are often associated with the presence of both microcyst (≤ 1 cm) as well as macrocysts (> 1 cm). In a study involving adult SHH-subgroup patients [28] , intra-tumoral cyst/cavity was seen in 44 of 64 (68%) patients, second only to WNT-pathway medulloblastoma. Although not classical for SHHpathway, intra-tumoral macrocysts were more commonly seen in infantile SHH-subgroup medulloblastoma [31] . The spectral pattern of SHH-subgroup medulloblastoma differs markedly from group 3 and group 4 tumors. SHH-subgroup medulloblastoma are characterized by prominent choline and lipid peaks with low creatine levels and near or complete absence of taurine [25] . Using a 5-metabolite signature from magnetic resonance spectroscopy (MRS), Bluml et al. [25] could reliably discriminate the SHH-subgroup from non-SHH medulloblastoma. A proportion of patients with SHH-subgroup medulloblastoma present with enhancing nodular deposits within the cerebellar cortex outside the primary site [29, 30] ; these are now believed to represent multi-centric disease rather than metastases and can identify SHH-subgroup with high specificity.
GROUP 3 MEDULLOBLASTOMA
Group 3 tumors comprising about 25% of all medulloblastomas are generally aggressive tumors and have the worst prognosis amongst all subgroups with a 5-year survival rarely exceeding 50% [3] [4] [5] [6] . Although most group 3 tumors exhibit classic morphology, LCA histology is overrepresented in this subgroup (nearly 40%), whereas desmoplastic histology is almost never seen. They have a male preponderance (twice as common in boys compared to girls), occur mostly in younger children (almost never in adults) and have a high incidence of leptomeningeal metastases (40%-50%) at initial diagnosis [5, 6] .
Anatomic location
Unlike WNT and SHH-subgroup medulloblastoma, there is limited understanding of the tumorigenesis in group 3 and 4 tumors [33] . It is hypothesized that group 3 medulloblastomas arise from prominin1+/CD133+ lineage neural stem cell following decoupling of proliferation and differentiation [5] . Nonetheless, group 3 medulloblastomas have been uniformly reported to be in the midline within the IVth ventricle and vermis. Wefers et al. [23] , reported that 73% of group 3 tumors (n = 15) grew within the vermis and 80% were in contact with cochlear and cuneate nucleus. Dasgupta and colleagues [31] , reported that even on the vertical axis, majority (70%) of these tumors (n = 27) were central in location, with only 30% having the epicentre somewhat inferiorly.
Contrast-enhancement pattern
While most of the other conventional imaging features are non-specific for group 3 tumors, contrast enhancement assumes significance in differentiating them from other subgroups. Lastowska et al. [24] , reported extensive contrast enhancement (defined as enhancement in > 75% of tumor volume) to be significantly correlated with group 3 tumors. They also reported that non-WNT/non-SHH subgroup tumors showing extensive contrast enhancement were associated with poor survival. Mata-Mbemba et al. [29] , reported good contrast enhancement in 22 of 26 (86%) patients with group 3 medulloblastoma; only 4 (14%) patients showed minimal enhancement. Dasgupta et al. [31] , reported good contrast enhancement in 96% of patients with group 3 medulloblastoma (n = 27); nearly 50% patients showed contrast uptake in > 80% of the tumor. They described "fluffy" or "cotton-wool" pattern of enhancement (bright contrast uptake admixed with relatively poor uptake) as a specific marker of group 3 medulloblastoma.
Other imaging features
Perreault et al. [22] reported 63% of group 3 tumors (n = 25) to be associated with ill-defined tumor margins compared to other subgroups (nearly 10%). In the study by Dasgupta et al. [31] , 67% of group 3 medulloblastomas (n = 27) were classified as having an ill-defined infiltrative margin with no tumor showing a lobulated margin. MRS characteristics [25] of group 3 medulloblastoma include high creatinine levels, readily detectable taurine (generally minimal or absent in SHH) and lower lipid levels (prominent peak in SHH). The sizes of primary tumors in group 3 were reportedly smaller compared to other subgroups (generally < 3.5 cm), particularly in the presence of metastases suggestive of an aggressive malignancy with metastatic dissemination as an early clonal event [29, 30] that does not give time to the primary tumor to grow locally and fill the IVth ventricle. Metastases from group 3 medulloblastoma are more likely to be spinal, typically laminar, often quite large with "sugar-coating" appearance, and have a matching pattern, i.e., presence of enhancement post-contrast as well as restricted diffusion [29, 30] .
GROUP 4 MEDULLOBLASTOMA
Group 4 tumors are the most prevalent subgroup accounting for 35% of all medulloblastomas and have an intermediate prognosis [5, 6] . The 5-year overall survival in group 4 tumors can be highly variable, ranging from ~50% in patients with poor-risk features (subtotal resection, metastases, LCA histology) to > 85% in patients with favorable prognostic features [3, 6] . Group 4 tumors are commonly seen in childhood and early adolescence, and much less commonly in extremes of age (infants or adults). There is a striking male preponderance in this subgroup [5, 6] even reaching beyond 80%. They are mostly associated with classic histology, although a significant minority (about 25%) does show LCA morphology. Metastatic disease is reported in 35%-40% of patients at initial diagnosis (second only to group 3 tumors).
Anatomic location
Although not clearly known, it is hypothesized that deregulation of synaptic pruning in the premature glutamatergic neuronal network resulting in an imbalance between apoptosis, survival and proliferation, is the likely underlying mechanism for tumorigenesis in group 4 medulloblastoma [5] . Group 4 tumors are exclusively known to be located in the midline in the IVth ventricle. Wefers et al. [23] found 23 of 27 (90%) group 4 tumors to be located in the midline and having contact with the cochlear and cuneate nucleus. In a study of adult medulloblastoma, Zhao et al. [28] reported predominant midline vermian location of group 4 tumors in 39 of 44 (89%) patients and brainstem contact with caudate and cuneate nucleus in 36 (82%) patients. In the study by Dasgupta and colleagues [31] , all group 4 tumors (n = 23) were located in the midline on the horizontal axis. Nearly 39% of these tumors had their epicentre located inferiorly on the vertical axis (some even extending beyond the foramen magnum), which was highest amongst all subgroups. The authors also reported a very specific imaging feature of group 4 medulloblastoma, i.e., inferior extension with resultant dilation of the superior recess of IVth ventricle.
Contrast-enhancement pattern
Weak, minimal, or no enhancement is a characteristic feature of group 4 tumors, which serves as an important feature to distinguish from other subgroups. Perreault et al. [22] reported 59% of group 4 medulloblastoma (n = 36) as having no or minimal enhancement as opposed to 7% for other subgroups. Similarly, Lastowska et al. [24] reported 6 of 10 (60%) group 4 tumors with weak or no enhancement. In a large study of adult medulloblastoma, Zhao et al. [28] , reported minimal or no enhancement in 22 of 44 (50%) patients with group 4 tumors. Mata-Mbemba et al. [29] reported minimal enhancement of the primary tumor in 55% of patients with group 4 medulloblastoma (n = 49). Dasgupta et al. [31] reported minimal or no enhancement in 30% of group 4 medulloblastoma (n = 23). Even for tumors showing partial contrast uptake, intervening non-enhancing areas gave rise to a "patchy" enhancement pattern.
Other imaging features
The MRS profile [25] of group 4 tumors is quite similar to group 3, but significantly different from SHHsubgroup medulloblastoma, as described earlier. Similar to group 3 medulloblastoma, the majority (70%) of group 4 tumors do not show any peri-tumoral edema [31] . The location, morphology, and imaging characteristics of metastases from group 4 medulloblastoma are quite distinct [29, 30] . Metastatic deposits from group 4 tumors are more nodular and associated with a "mismatching pattern", i.e., lack of or minimal contrast enhancement but restricted diffusion. The presence of metastases in the suprasellar region and/or infundibular recess of the third ventricle is a highly specific marker of group 4 medulloblastoma [29, 30] .
PREDICTORS OF MOLECULAR SUBGROUPS
The presence of subgroup-specific imaging features has prompted researchers to develop models and nomograms for accurate pre-operative prediction of molecular subgroups in medulloblastoma. In a large cohort involving 125 patients [28] , researchers from Beijing Tian Tan Hospital in China reported location (midline vermis/IVth ventricle, cerebellar hemisphere, and CPA; P < 0.0001) and pattern of enhancement; P = 0.0048) to be independent predictors of molecular subgrouping in adult medulloblastoma. With the logistic regression model based on location and pattern of enhancement, 79% of adult medulloblastomas were accurately and appropriately classified, including WNT (24%), SHH (86%), and group 4 (91%) medulloblastoma (R-squared goodness of fit = 0.669). The accuracy of the logistic regression model improved significantly after incorporating anatomic localization patterns (horizontal location, brainstem contact and vertical location) with pattern of enhancement. With the modified model, 92% of adult medulloblastomas could be accurately and appropriately classified, including WNT (65%), SHH (95%), and group 4 (98%) medulloblastoma (R-squared goodness of fit = 0.795).
Using a step-wise, multi-variable, multi-nomial, logistic regression model in a large single-institution cohort (n = 119), researchers from Hospital for Sick Children at the University of Toronto [29] , demonstrated the lateralized cerebellar location for SHH-subgroup with an adjusted odds ratio (aOR) of 9 (P < 0.0001); minimal enhancement of primary tumor for group 4 medulloblastoma (aOR = 5.2, P < 0.0001); CPA location for WNTpathway medulloblastoma (aOR = 1.4, P < 0.03); ependymal metastases with mismatching pattern for group 4 tumor (aOR = 2.8, P < 0.001); and spinal leptomeningeal metastases for group 3 tumors (aOR = 1.9, P < 0.01) were independent predictors of molecular subgrouping. Specifically, the presence of a metastasis in the third ventricular infundibular recess showing mismatching pattern was significantly associated with group 4 disease (P < 0.02).
In parallel, researchers from Tata Memorial Centre in India [31] recently reported on the radiogenomics of medulloblastoma in their single-institution cohort of 111 patients with known molecular subgroup affiliation. Amongst their panel of 19 pre-specified imaging features, 11 were differentially distributed across the four subgroups with statistical significance (P < 0.05) on univariate analysis. Two-thirds of patients (n = 76) were chosen randomly from individual subgroups to form the training cohort (TC), while the remaining one-third (n = 35) constituted the validation cohort (VC). Multi-nomial logistic regression analysis was performed in the TC to identify few imaging features with highest discrimination of one subgroup from the other three subgroups to construct subgroup-specific binary nomograms. Using receiver operating characteristics analysis, the area under the curve (AUC) was also generated to assess the reliability of the nomograms. The predictive accuracy of SHH-subgroup nomogram (location on horizontal and vertical axis, relationship with dorsal brainstem, heterogeneity of contrast-enhancement, and peri-tumoral edema as the discriminating imaging features) was the highest followed by group 4-specific nomogram. Group 3 and WNT-subgroup nomograms had suboptimal predictive accuracy. For a sensitivity and specificity > 85% each, a cut-off total score of 13.3 was obtained from the SHH-specific nomogram in the TC. When this was tested in the VC, 93% of SHH-subgroup tumors still had total score above this threshold (13.3) as opposed to only 5% of non-SHH tumors for a sensitivity of 93% and specificity of 95%. The nomogram identified even midline SHH tumors with acceptable accuracy. AUC for the SHH subgroup was excellent, with a value of 0.939 and 0.991 in TC and VC respectively.
PRACTICAL AND CLINICAL IMPLICATIONS
With identification of different molecular subgroups, medulloblastoma is no longer considered a single entity [4] [5] [6] , but represents a heterogeneous group of diseases with a widely variable spectrum, mandating optimization of therapy within individual subgroups. In the past two decades, post-operative adjuvant treatment in medulloblastoma has been largely based on a clinico-radiological risk-stratification system [35] wherein patients over the age of 3 years at initial diagnosis with post-operative residual tumor < 1.5 cm 2 (R0) and absence of metastases (M0) were classified as having average-risk/standard-risk disease. High-risk disease was defined as the presence of any one of the following features viz. age < 3 years, residual tumor ≥ 1.5 cm 2 (R+), and any evidence of metastases (M+). This traditional clinico-radiological risk-classification has now been supplanted by a more contemporary consensus risk-stratification schema (in the molecular era) into low-risk, standardrisk, high-risk, and very high-risk categories with expected long-term overall survival > 90%, > 75%-90%, > 50%-75%, and < 50% respectively [36] . Long-term treatment-related morbidity in medulloblastoma including neuro-cognitive dysfunction is largely dependent upon the dose and volume of irradiation [37, 38] . Cerebellar mutism, motor deficits, and intellectual impairment can be differentially prevalent in individual molecular subgroups [39] , likely based on anatomic location of tumor and intensity of therapy. Consequently, there is significant potential of de-intensification of treatment in children with low-risk disease (WNTpathway), while further intensification of treatment may be more appropriate for patients in the high-risk/ very high-risk category (metastatic group 3 or 4 tumors). The identification of specific genetic alterations (PTCH1 or SUFU mutations) may allow the use of targeted therapies in particular subgroups (SHH-pathway), leading to a more personalized approach in the future [5, 6] . Tissue-based information remains the gold-standard for histo-morphology and molecular subgrouping in medulloblastoma that cannot be replaced by any imaging-based classification. However, this tissuebased information is not available pre-operatively to the operating neuro-surgeon, but only after surgical resection of the tumor. The prognostic benefit of increased extent of resection becomes highly attenuated after taking molecular subgroup affiliation into account. In a retrospective multi-institutional cohort involving 787 patients [40] , there was no significant survival benefit of greater extent of resection (gross total/ near total versus sub-total resection) for WNT, SHH, and group 3 tumors. Only in group 4 tumors, gross total/near total resection was associated with significant benefit in progression-free survival compared to sub-total resection, but not in overall survival. The authors concluded that although maximal safe resection should remain the standard of care, aggressive neuro-surgical removal of small residual portions of medulloblastoma should not be attempted, particularly when the anticipated morbidity is high. Several different studies discussed herein, some of which were summarized in a review previously suggest that MRI features can be a helpful and promising tool for early identification of molecular subgrouping in medulloblastoma with potential to influence therapy [41] . The availability of robust and reliable imagingbased predictors of molecular subgrouping could aid neuro-surgical decision-making. The clinical utility of tissue-based subgrouping, though undeniable, is greatly dependent upon the availability of resources (expertise and infrastructure), costs, and turn-around time. The addition of molecular genetic information in the 2016 update of the WHO classification [7] for an integrated diagnosis of medulloblastoma should ensure widespread adoption of a practical IHC-based classification in routine clinical practice. While this IHCbased classification [13] identifies WNT and SHH subgroups with high accuracy, it cannot reliably discriminate between group 3 and 4 tumors which are classified collectively as non-WNT/non-SHH medulloblastoma, with differing prognosis. Imaging characteristics (contrast-enhancement of primary tumor and location, morphology, and pattern of metastatic disease) can further help subclassify non-WNT/non-SHH group into group 3 and group 4 tumors with high accuracy [29, 30] . Novel insights in the presence of significant heterogeneity within individual molecular subgroups has prompted further subclassification of medulloblastoma [42, 43] which is going to be very difficult to be matched even with advanced contemporary imaging methods. Apart from identifying molecular subgroups, imaging biomarkers may serve as putative predictive and prognostic factors in medulloblastoma. The presence of homogenous contrast uptake (WNT-subgroup) may imply uniform disruption of blood-brain barrier leading to better CNS penetration of systemic agents and resultant responsiveness to chemotherapy. Other radiological features have already been reported to be associated with outcomes, e.g., bright enhancement in non-WNT/non-SHH tumors is associated with poor overall survival, while superiorly located SHH-subgroup tumors are associated with higher risk of local recurrence. The advent of deep machine-learning (supervised/ unsupervised) techniques and convoluted artificial neural networks should provide unique opportunities to further improve the accuracy of such radiogenomic correlation and prediction [44, 45] .
CONCLUSION
Medulloblastoma is a heterogeneous disease comprising four molecular subgroups with distinct developmental origins, unique transcriptional profiles, diverse phenotypes, and varying clinical outcomes. It has been increasingly recognized that imaging is useful not only for diagnosis and staging, but also may be a reflection of underlying disease biology. The systematic assessment and correlation of imaging features with molecular subgrouping in medulloblastoma are increasingly being reported with potential to serve as independent predictive and prognostic biomarkers in contemporary neuro-oncologic practice.
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